The pancreas in type 1 diabetes exhibits decreased size (weight/volume) and abnormal exocrine morphology. Serum trypsinogen levels are an established marker of pancreatic exocrine function. As such, we hypothesized that trypsinogen levels may be reduced in patients with pre-type 1 diabetes and type 1 diabetes compared with healthy control subjects.
investigations of type 1 diabetes, these findings have led to a predominance of research attention toward the endocrine pancreas in general and the pancreatic b-cell in particular.
However, studies of living subjects or tissues obtained from organ donors with type 1 diabetes have revealed that in addition to the autoimmune-mediated b-cell destruction that classically defines the disease, the pancreas in type 1 diabetes is characterized by decreased pancreatic weight and volume, increased immune infiltrates within the exocrine pancreas, and exocrine atrophy (4) (5) (6) (7) . Some of these observations also have been made in AAb-positive (AAb + ) individuals without type 1 diabetes, suggesting that exocrine pancreas abnormalities precede disease onset (8) .
With respect to tests diagnostic for exocrine pancreatic function, serum levels of trypsinogen, also known as immunoreactive trypsinogen, provide one well-accepted clinical biomarker (9) . Indeed, testing of serum trypsinogen levels is used in a variety of pediatric settings, including newborn screens for cystic fibrosis and meconium ileus and in infants and older children with symptoms that suggest cystic fibrosis (10) . In terms of its biology and function, trypsinogen represents the inactive precursor of the digestive enzyme trypsin that becomes active once cleaved by enteropeptidases produced in the intestinal mucosa (11) . Pancreatitis has been attributed to aberrant activation of trypsinogen within the acinar cell or pancreatic ducts (12) . Hence, in adults, trypsinogen levels often are used as an indicator of pancreatitis, although amylase and lipase are now preferred as pancreatitis biomarkers (13, 14) . Nonetheless, serum trypsinogen remains a reliable clinical tool in measuring pancreatic exocrine function across all ages.
Decades ago (i.e., in the 1970s), serum levels of trypsinogen were noted as reduced in patients with type 1 diabetes (15) (16) (17) (18) ; however, with the absence of overtly symptomatic exocrine disease in most patients with type 1 diabetes, interest in their use as a diagnostic biomarker failed to develop. Further contributing to this situation was the aforementioned emergence of type 1 diabetes-associated AAbs, factors that have proven to be of immense value to both the diagnosis of type 1 diabetes and their use as a predictive biomarker of disease (19) . Our recent findings regarding reduced pancreatic weight and exocrine atrophy at the onset of type 1 diabetes (7) prompted us to address the novel question of whether evidence of altered exocrine function (i.e., reduced serum trypsinogen levels) before hyperglycemic onset would be present. Specifically, we examined this well-validated biomarker in a series of individuals with or at varying levels of risk for type 1 diabetes to quantitate the levels for this marker of exocrine function throughout the natural history of the disease.
RESEARCH DESIGN AND METHODS

Subject Enrollment
Study subjects were recruited from the outpatient clinics at the University of Florida (Gainesville, FL), Nemours Children's Hospital (Orlando, FL), and Emory University (Atlanta, GA) for studies evaluating the natural history of diabetes. Informed consent was obtained from each subject before study enrollment, and all procedures were conducted in accordance with the Declaration of Helsinki and approved by the institutional review boards at each institution. Random serum samples were collected from nonfasting subjects and stored at 220°C. Samples were selected from 395 of the enrolled subjects, including 87 AAb-negative (AAb 2 ) healthy control subjects (age range 2. (20) .
Trypsinogen Measurement
Quantitative determination of serum immunoreactive trypsinogen was measured under blinded conditions in duplicate by radioimmunoassay (DiaSorin, Stillwater, MN) at the ARUP Laboratories (Salt Lake City, UT) as previously described (21) . The reported laboratory reference range for serum trypsinogen in healthy individuals is 10.0-57.0 ng/mL (http://ltd.aruplab .com/Tests/Pub/2014025). Of note, this reference range is not notated with respect to subject age.
AAb Measurement
Serum levels of GADA, IA-2A, and ZnT8A were determined with ELISA kits (Kronos Incorporated, Star, ID) according to the manufacturer's instructions (22) .
Statistical Methods
Single-variable statistical analyses were performed with SPSS version 16.0 software (IBM Corporation, Chicago, IL), and results were plotted by using GraphPad Prism version 6.0 software (GraphPad, La Jolla, CA). Data are presented as mean 6 SD. One-way ANOVA with post hoc Tukey analysis was used for comparisons across multiple groups. Nonlinear regression with Spearman correlation was performed for trypsinogen level versus age. Statistical tests were two-sided. Multivariate analyses were performed with R-3.3.1 software. Individuals were classified into groups on the basis of detectable serum AAbs or time after diagnosis of type 1 diabetes. By using a forward variable selection method, a multinomial logistic regression model was built to assess whether age, BMI, sex, and serum trypsinogen concentrations (log transformed) were associated with disease status. Because height and weight were self-reported, modeling first used the complete data (nonmissing). Imputation with the median of each group was used to incorporate all data for modeling. P , 0.05 was considered significant.
RESULTS
We compared serum levels of trypsinogen, a biomarker of pancreas exocrine capacity, across subjects with or at varying levels of risk for type 1 diabetes as well as for patients with type 2 diabetes and control subjects. Overall, for the majority of subjects, trypsinogen levels fell within the laboratory-reported reference range (10.0-57.0 ng/mL). Of note, the proportion of subjects with trypsinogen levels below the reference range (,10.0 ng/mL) was 25 (Table 2) . A significant interaction between log trypsinogen concentration and BMI was not observed (Table 2 ). However, this finding needs to be confirmed given that self-reporting of height and weight was voluntary, and data were not available for all subjects.
Although not age matched (for obvious reasons) to subjects with type 1 diabetes, we determined trypsinogen levels in patients with type 2 diabetes as an additional control for potential effects of hyperglycemia. Again, serum trypsinogen concentrations were significantly lower in patients with new-onset (mean 6 SD 14.5 6 6.1 ng/mL; P , 0.0001) and established type 1 diabetes (16.7 6 6.9 ng/mL; P , 0.05) than in healthy control subjects (25.3 6 11.2 ng/mL), Data are n (%) or mean 6 SD unless otherwise indicated. Information is presented for AAb 2 control subjects, AAb 2 relatives, patients with newonset T1D, patients with established T1D, AAb + subjects without diabetes, and patients with T2D. NA, not applicable; T1D, type 1 diabetes; T2D, type 2 diabetes. *For one single-AAb + subject, biological sex was not known. †Provision of height and weight information was voluntary; therefore, these data are not available for all study subjects. Figure 1 -Age-related effects on serum trypsinogen levels in control subjects and patients with type 1 diabetes (T1D). A: Patients with new-onset T1D were significantly younger than AAb 2 control subjects, AAb 2 relatives, AAb + subjects, patients with established T1D, and patients with type 2 diabetes (T2D), whereas patients with T2D were significantly older than all other groups investigated. Data are mean 6 SD, one-way ANOVA. *P , 0.05; ****P , 0.0001. B: Nonlinear least squares regression analysis demonstrates increasing serum trypsinogen levels with age for control subjects (P , 0.0001) and patients with T1D (P , 0.05, Spearman correlation). Best-fit curves were significantly different for control subjects vs. patients with T1D (P , 0.0001, extra sum-of-squares F test). Data are plotted as mean (solid lines) with 95% CI (dashed lines).
AAb
2 relatives (29.3 6 15.0 ng/mL), AAb + subjects (26.5 6 12.1 ng/mL), and patients with type 2 diabetes (31.5 6 17.3 ng/mL) ( Fig. 2A) .
We also sought to understand trypsinogen levels as a function of degree of b-cell autoimmunity. When AAb + subjects were stratified according to the number of AAbs present, both multipleAAb + subjects (mean 6 SD = 21. (Fig. 2B) . Single-AAb + subjects and AAb 2 subjects were comparable (P = 0.62), whereas serum trypsinogen levels were significantly higher in multiple-AAb + subjects compared with patients with type 1 diabetes (P , 0.05) (Fig. 2B) .
CONCLUSIONS
Considering the physiological interaction between the exocrine and endocrine pancreas, that primary disorders of the exocrine pancreas also affect endocrine tissues (e.g., cystic fibrosis-related diabetes) and vice versa is not surprising. Accordingly, previous studies have suggested that pancreatic exocrine insufficiency can be observed in patients with type 1 diabetes, including reduced fecal elastase-1 concentrations in both patients with new-onset type 1 diabetes and those with established type 1 diabetes as well as trypsinogen levels in the latter group (4, 18, 23) . In this study, we examined serum trypsinogen concentration in subjects considered to be at various stages of type 1 diabetes progressiondfrom pretype 1 diabetes (AAb + subjects) to newonset and established type 1 diabetesdto explore the potential role of pancreatic exocrine insufficiency over the natural history of the disease (3). Our observation that single-AAb + subjects are comparable with control subjects suggests that the establishment of autoimmunity may precede exocrine pancreatic dysfunction in pre-type 1 diabetes. However, the significantly lower trypsinogen levels in both multiple-AAb + subjects and patients with type 1 diabetes compared with control and single-AAb + subjects suggest that these reductions might precede the symptomatic onset of type 1 diabetes. Our observation that multiple-AAb + subjects exhibit higher trypsinogen levels than do patients with type 1 diabetes suggests a somewhat intermediate phenotype in the late prediabetes phase. Indeed, to further discern these effects, longitudinal studies that perhaps include the measurement of insulin AAb and islet subjects. Trypsinogen levels were lower in patients with T1D vs. $2AAb + subjects. Data are mean 6 SD, one-way ANOVA. *P , 0.05; **P , 0.01; ****P , 0.0001.
cell AAb along with the three AAbs tested here are needed. A potential limitation of this study lies in the available sample size. AAb + individuals without type 1 diabetes are rare among the general population, and blood samples donated by these persons considered to be in the prediabetes phase of the disease are considered precious for studies of type 1 diabetes pathogenesis and biomarker identification. Thus, we included all double-and triple-AAb + samples available from our serum bank. These samples were collected and stored over the past 7 years from donors throughout the U.S., which speaks further to the paucity of these AAb + individuals and underscores the importance of investigating this and other potential biomarkers in these rare subjects.
The influence of age on serum trypsinogen levels in healthy individuals conflicts within the literature, with some studies suggesting an increase with age, whereas others did not (24, 25) . Hence, the influence of age in previous studies may not have been adequately addressed but has been studied here. Beyond the potential influence of age on serum trypsinogen levels, additional factors such as mealtime effects or potential variation in trypsinogen clearance from the bloodstream may be of importance to future investigations of trypsinogen levels.
The loss of exocrine cells in type 1 diabetes has been attributed to multiple factors, including insulin deficiency leading to decreased trophic action on acinar cells; inflammatory or microvascular injury to exocrine tissue; and hyperglycemia, which could inhibit exocrine secretion (26) . These factors are believed to also explain the decreased pancreas weight and volume in patients with long-standing type 1 diabetes. Moreover, recent efforts have revealed reduced pancreas weight in patients with new-onset type 1 diabetes as potential evidence of exocrine pancreas damage even before onset of the disease (7), which agrees with the current findings. To this end and consistent with said notion, preliminary studies have suggested that a direct linear relationship exists between pancreatic volume, as determined through MRI, and serum trypsinogen levels (M.C.-T., M.J.H., unpublished observations) in control and AAb + subjects. Elevated serum trypsinogen concentrations in patients with type 2 versus type 1 diabetes suggest that this biomarker might prove useful as a clinical test to help with diagnosis, particularly among older patients, yet additional type 2 diabetes samples from a broader age range are needed to demonstrate this definitively. The results of the current study support a view that exocrine secretion of trypsinogen fails to increase proportionally with age before type 1 diabetes onset, as shown in high-risk multiple-AAb + subjects, and seems unchanged after type 1 diabetes diagnosis. When combined with other emerging evidence in pathological exocrine abnormalities (7, (27) (28) (29) , the current findings support the notion that pancreatic exocrine function may be diminished late in the natural history of pretype 1 diabetes. The clinical significance of this reduction remains unknown, and given their preliminary nature, these data should be considered to be hypothesis generating. Of course, trypsinogen levels alone are not likely a specific indicator for type 1 diabetes but may be useful in identifying pancreatic damage in combination with classical markers of autoimmunity. Additional investigations, including longitudinal studies, are warranted to understand the natural history of serum trypsinogen in patients with type 1 diabetes and to validate the utility of serum trypsinogen as a biomarker of type 1 diabetes progression.
